Abstract Helminthic infections are known to induce host immune responses and polarization. The ubiquitous Strongyloides stercoralis can remain relatively asymptomatic in the host for decades, until there is a change in the host immune balance. Factors that influence these changes range from immunosuppressives, including corticosteroids, to acquired viral infections, such as HTLV-1. These conditions play an important role in the progression of disease for strongyloidiasis. The alteration of the Th-1, Th-2 balance can induce hyperinfection and dissemination of these helminths, changing a minor clinical process to a life-threatening condition.
Introduction
Strongyloides stercoralis is an intestinal helminth that causes acute and chronic infection in humans. While the precise prevalence is unknown, strongyloidiasis has been documented throughout the world, particularly in tropical and sub-tropical areas [1] . Natural transmission of Strongyloides has been reported in most countries excluding Canada and other cold weather climates [2] . Approximately 50 -100 million people are infected with Strongyloides; however, this is likely a gross underestimate of true prevalence of disease [1] [2] [3] . In the United States, acquisition of primary infection has been documented in Southeastern and Appalachian regions with rates as high as 4 % of the population being infected [2, 4] . Among at-risk populations in endemic regions of the world, prevalence rates have been reported to be as high as 12 -26 % [1, 5] . Alterations in the host immune system as a result of infection with HTLV-1, immunosuppressant medications, malignancies, organ transplant, chronic malnutrition, and other chronic disease such as diabetes mellitus, chronic obstructive pulmonary disease, alcohol use, and chronic renal failure have been associated with increased rates of infection as well as more serious disease [3, 6] .
Strongyloides has a unique life cycle that allows completion of the entire cycle within the human host through autoinfection [1, 5] . On initial exposure, filariform larvae infect the human host transcutaneously. Larvae subsequently migrate via venous blood through the lungs, ascend the tracheobronchial tree and complete their life cycle in the host duodenum [6] . During acute larvae migration, patients may present with pulmonary symptoms including cough, wheezing, hemoptysis, and may have interstitial infiltrates seen on imaging or gastrointestinal symptoms including crampy abdominal pain, diarrhea, anorexia, vomiting, and rarely ileus or small bowel obstruction [4, 6] . After initial infection, mature females in the duodenum produce rhabidtiform larvae through parthenogenesis. Rhabidtiform larvae in the intestinal tract may develop into infective filariform larvae and re-infect the host through penetration of the rectal tissue, a process called autoinfection [5] . Autoinfection cycles can continue for decades creating a chronic carrier state of strongyloidiasis in the human host [1, 5] . Patients with chronic strongyloidiasis are typically asymptomatic, but may have intermittent eosinophilia during times of larvae migration through tissue with a distinctive dermal erythematous tract called larva currens [3, 6] , or minor intermittent gastrointestinal symptoms such as diarrhea, vomiting, or constipation over time [1, 6, 7] . Hosts can live with chronic strongyloidiasis, acquired from remote exposure, for decades without significant evidence of infection [1, 5] .
Despite the relative asymptomatic state of chronic disease, strongyloidiasis can progress to more serious infection in the event of alteration of the host immune response [8•] . Decreased immune surveillance in the gastrointestinal mucosa secondary to immunosuppression permits acceleration of the autoinfection cycle [4] . Increased production of larvae in the duodenum leads to increased larvae migration through the gastrointestinal mucosa and through the lungs creating exaggerated gastrointestinal and pulmonary symptoms, termed hyperinfection syndrome [1, 3, 4, 6] . Because of the large burden of larvae migration within tissue, patients can present with progressive acute respiratory failure and hemorrhagic pneumonitis as well as worsening abdominal pain, diarrhea, and possible gastrointestinal obstruction [1, 3] . Increased larvae migration across the gastrointestinal mucosa creates significant mucosal damage allowing for translocation of enteric gram-negative bacteria into the blood stream [6] . Patients with Strongyloides hyperinfection may present with gram-negative bacteria sepsis, meningitis, and pneumonia contributing to significant morbidity and mortality [3, 6, 9] . Unlike in chronic strongyloidiasis, patients with hyperinfection syndrome typically do not have peripheral eosinophilia [3] .
Disseminated disease refers to larvae that are found in organs not involved in the standard lifecycle of Strongyloides [6] . Disseminated strongyloidiasis has been documented to involve the meninges and other areas of the central nervous system, the biliary tract, pancreas, and liver [1] . Both hyperinfection syndrome and disseminated disease are associated with case fatality rates greater than 50 % and reaching up to 70 -85 % in certain high-risk populations [3, 10] .
Strongyloides and the Host Immune System
The host innate and adaptive immune response plays a critical role in the maintenance of chronic strongyloidiasis and the prevention of hyperinfection syndrome and dissemination. Similar to other helminth infections, strongyloidiasis elicits a Th-2 lymphocyte predominant immune response with production of cytokines, IgE antibodies, eosinophils, and mast cells which participate in expulsion and killing of the helminth [3, 7, 11] . Strongyloides antigens activate eosinophils via the innate immune response [12] . Activated eosinophils act as antigen presenting cells to stimulate antigen-specific Th-2 cytokine production including IL-4 and IL-5 [8•, 12] . IL-4 induces activated B lymphocytes to class-switch for production of IgE and IgG4 antibodies and additional cytokines (IL-8) attract granulocytes such as neutrophils to aid in larvae killing [7, 11, 12] . IgE production allows for mast cell degranulation and enhances further eosinophil migration [8•] . IL-5 acts as an eosinophil colony stimulating factor promoting further eosinophil growth and activation [8•, 11, 12] . Approximately 75 % of patients with chronic strongyloidiasis have peripheral eosinophilia or elevated total IgE levels [4, 12] . Protective immunity to infective larvae has been found to involve specific Strongyloides antibodies, complement activation and neutrophils in antibody-dependent, cell-mediated cyotoxicity type responses [11] . Patients with severe disease have been shown to have a significant decrease in antibody levels and a decrease in eosinophil level compared to asymptomatic infected individuals, suggesting that both antibodies and granulocytes play a significant role in protection from infection [11] . The sophisticated interaction between strongyloidiasis and the host immune system allows for long-term survival of the pathogen in the host gastrointestinal tract. However, disruption of the host immune system with loss of granulocyte function, humoral-mediated antibody production, or Th-2 cytokine release, reduces immune regulation of adult worm density and predisposes patients to hyperinfection syndrome and dissemination [3, 4, 13•] . Changes in the immune system secondary to diabetes, hematologic malignancies, malnutrition, hypogammaglobulinemia, use of immunosuppressive drugs such as corticosteroids in autoimmune disease, chronic obstructive pulmonary disease or malignancy, organ transplantation, and HTLV-1 are associated with increased risk of hyperinfection and dissemination [1, 14•] .
Human T-Lymphotropic Virus-1 (HTLV-1)
HTLV-1 is a human RNA retrovirus endemic in areas of Japan, Caribbean, and certain locations in Africa and South America, and is the cause of HTLV-1 associated myelopathy and adult T-cell leukemia and lymphoma (ATLL) [11, 12, 15] . Similar to other retroviruses such as human immunodeficiency virus (HIV), HTLV-1 is transmitted in three different pathways, vertically via transplacental route or breast milk, horizontally through sexual contact, or parenterally via blood transfusion or intravenous drug use [5] . Unlike HIV, patients with HTLV-1 are not susceptible to opportunistic infections [12] . Furthermore, in comparison to HIV, HTLV-1 infects Tcells, induces spontaneous T-cell proliferation, promotes a hyper Th-1 immune response with production of high levels of INF-gamma, and activates regulatory T-cells to produce increased levels of IL-10 and TNF-beta [5, 7, 11, 12] .
In patients co-infected with HTLV-1 and Strongyloides, a unique misbalance of the immune system occurs leading to increased susceptibility to severe helminth disease. HTLV-1, which predisposes the patient to an immunologic shift to a Th-1 dominated immune response, blunts the Th-2 response to helminth infection such as strongyloidiasis [12] . As a result of decreased Th-2 response, there are decreased serum concentrations of IL-4, IL-5, IL-13, and specific IgE antibodies against S. stercoralis [6, 7, 8•, 12] . A decrease in IL-4 and IgE subsequently reduces mast cell function, eosinophil recruitment, and the ability of the host immune system to kill the worm creating an environment primed for Strongyloides propagation [3, 11] . Patients with co-infection of Strongyloides and HTLV-1 infection have significantly lower eosinophil counts and IgE levels in the serum compared to patients with Strongyloides without co-infection with HTLV-1 [5] . The alteration in cytokine, granulocyte, and antibody production correlates with high prevalence of strongyloidiasis, a higher rate of recurrent strongyloidiasis, a higher rate of more severe disease such as hyperinfection syndrome and dissemination, and a higher rate of therapeutic failure in HTLV-1 carriers [3, 5, 15] . Specifically, eradication rate of S. stercoralis by ivermectin has been shown to be significantly lower in patients with HTLV-1 infection compared to those without HTLV-1 infection [5] .
Co-infection of HTLV-1 and Strongyloides also has significant affects on the progression of HTLV-1 infection in the host. Strongyloides facilitates HTLV-1 virus replication allowing for higher levels of circulating virus, which have been shown to decline after treatment with ivermectin [4, 6] . Co-infected patients tend to have increased integration of HTLV-1 pro-viral DNA in lymphocytes accelerating development of ATLL [6, 15] . Patients with HTLV-1 and strongyloidiasis who develop ATLL typically are significantly younger than patients without strongyloidiasis who proceed to develop ATLL. Strongyloidiasis may serve as a co-factor in the development of ATLL in patients with HTLV-1 by shortening the latency period to leukomogenesis [6, 15] .
Human Immunodeficiency Virus/Acquired Immunodeficiency Syndrome (HIV/AIDS)
Strongyloidiasis hyperinfection syndrome and strongyloidiasis dissemination was initially an AIDS defining illness. However, due to the rare incidence of hyperinfection and disseminated strongyloidiasis in patients with HIV/AIDS, the Center for Disease Control (CDC) and the World Health Organization (WHO) have subsequently removed strongyloidiasis from the list of defining infections [8•, 9] . While patients with HIV have a high risk of intestinal strongyloidiasis, patients with HIV are not at increased risk for hyperinfection or dissemination [3, 8•, 11] . In a study conducted at the National Institutes of Health (NIH), 26 out of 103 subjects with AIDS (CD4< 100) were seropositive for strongyloidiasis giving an overall prevalence of 25 % within this cohort [13•] . In contrast to HTLV-1, HIV infects CD4 T lymphocytes and induces T-cell destruction [12] . As a result, the immune system sustains an acute decline in Th-1 lymphocytes in comparison to Th-2 lymphocytes. The profound loss of Th-1 with minimal change in Th-2 mediated cytokine release promotes mucosal regulation of strongyloidiasis [8•] . Furthermore, HIV has been associated with high levels of IgE, increased production of eosinophils, and suppression of the development of Strongyloides larvae in the gut required for autoinfection [8•, 9] . Despite the low likelihood of hyperinfection syndrome in patients with immunosuppression secondary to AIDS, cases of immune reconstitution inflammatory syndrome (IRIS) with initiation of anti-retroviral therapy have been described [13•] . While the pathophysiology of this process is unknown, some experts have postulated that reconstitution of the Th-1 immune response may promote development of invasive filariform larvae capable of autoinfection and migration [6, 9] . While severe infection is typically not found in HIV infection, the high prevalence and possibility to induce IRIS in patients receiving anti-retroviral therapy suggest that empiric therapy with an anthelminthic agent may be justified in all AIDS patients from strongyloidiasis endemic areas [13•] .
Steroids and Other Immunosuppressant Medications
Progression of chronic strongyloidiasis to hyperinfection and disseminated disease has been well described with the use of immunosuppressant medications such as corticosteroids. Case reports of strongyloidiasis hyperinfection syndrome in patients with lupus, rheumatoid arthritis, pyomyositis, nephrotic syndrome, and other autoimmune diseases that are typically maintained with steroids have been documented [6] . The increased risk of hyperinfection syndrome in the setting of steroid use persists regardless of steroid dose, duration of therapy or administration route and can even occur in settings of elevated endogenous or pharmacologic adrenocorticotropin levels [4, 6] . Signs and symptoms of augmented autoinfection and hyperinfection syndrome occur as early as 20 days after the onset of steroid therapy and as late as several years post-steroid therapy [6] . Theories behind this association include the ability of glucocorticoid to suppress eosinophil proliferation, promote apoptosis of Th-2 lymphocytes, blunt mucosal mast cell response to Strongyloides antigens, accelerate transformation of rhabitiform larvae into filariform larvae, and possibly rejuvenate reproductively latent adult females into parthenogenesis [3, 6] .
Hyperinfection syndrome has been associated with other immunosuppressive medications as well including vincristine, azathioprine, cyclophosphamide, antithymocyte globulin, anti-cd3, 6-mercaptopurine, methotrexate, bleomycin, adriamycin, ifosfamide, melphalan, CP16, total body irradiation, etanercept, infixumab, rituximab, and mycophenalate [6, 16•] . However, in many of these reports, patients also received concurrent glucocorticoids making it difficult to assess the true relationship between the immunosuppressant agent and Strongyloides hyperinfection. A small number of case reports have demonstrated vincristine and other vinca alkaloids may decrease intestinal motility and may facilitate development of rhabidtiform larvae into invasive filariform larvae putting the host at increased risk of autoinfection propagation [6] . Additional case reports of patients with rheumatoid arthritis on chronic low dose prednisone have developed strongyloidiasis hyperinfection after the initiation of TNF-alpha inhibitors suggesting that TNF-alpha inhibitors contribute to propagation of the autoinfection cycle of strongyloidiasis as well [17] .
Solid Organ Transplant and Hematopoietic Stem Cell Transplant
Strongyloides hyperinfection syndrome and dissemination has been documented in cases of solid organ transplant including kidney, heart, lung, intestine, pancreas, and liver, as well as hematopoietic stem cell transplant [3] . Disease typically occurs in transplant patients due to activation of remotely acquired, asymptomatic strongyloidiasis in the recipient; however, allograft transmission has been documented [1] . Transplant patients are at particular risk of progression from chronic infection to hyperinfection and dissemination due to the significant role of immunosuppression. Prior to transplant, patients receive pre-conditioning with immunosuppressive therapies and post-transplant patients receive chronic immunosuppression for prolonged duration to prevent transplant rejection in the transplant recipient [16•] . In solid organ transplant, disease has been described as occurring within 3 months after transplantation with case fatality rates of more than 50 % [1, 3] . In hematopoietic stem cell transplant, Strongyloides hyperinfection and dissemination has been documented in both autologous and allogenic transplant. Severe cases tend to occur earlier, often immediately post-transplant, compared to solid organ transplant recipients [1] . The difference in symptom onset is thought to be secondary to the acute intense immunosuppression typically associated with stem cell transplant [1] . Stem cell transplant recipients with hyperinfection syndrome and disseminated disease have particularly poor outcomes with one series reporting 85 % mortality [1] . Prognosis in transplanted patients has been shown to improve when steroid therapy can be rapidly tapered [1] . The significant mortality associated with hyperinfection in post-transplant patients highlights the importance of pre-transplant screening [1] . Pretransplant screening guidelines currently recommend screening with Strongyloides-specific IgG via enzymelinked immunosorbent assay (ELISA) for patients from endemic areas or with significant eosinophilia prior to solid organ or hematopoietic stem cell transplant. Patients with positive screening should receive treatment for chronic intestinal strongyloidiasis prior to initiation of immunosuppression [1] .
Other Illnesses Associated with Strongyloidiasis
Associations between other chronic illnesses and strongyloidiasis have been reported. Patients with severe protein-losing malnutrition and those with hypogammaglobulinemia have increased risk of hyperinfection and disseminated strongyloidiasis. Loss of protein either by primary immunodeficiency or secondary diseases such as in nephrotic syndrome, inflammatory bowel disease, or multiple myeloma have shown increased risk of severe disease and increased risk of refractory disease [6, 14•, 16•] . Case reports of patients with hypogammaglobulinemia had clearance failure of larvae from stool after 14 months of adequate anthelminthic therapy. Such reports suggest that antibodies may play an important role in Strongyloides eradication [4, 18] . Malignancies including primary organ cancers such as lung and gastrointestinal and primary hematologic malignancies have also been associated with hyperinfection before immunosuppressive chemotherapy and before steroids have been initiated [3, 4, 6] .
Conclusion
Strongyloides and the host immune system are intimately intertwined. With reduction in cell-mediated host immune response either induced by other infections such as HTLV-1 or through medications such as steroids, chronic strongyloidiasis may have accelerated autoinfection causing hyperinfection syndrome and disseminated disease. Hyperinfection and disseminated strongyloidiasis are associated with high case fatality rates due to burden of disease and due to association with gram-negative bacterial sepsis. Along with increased severity of disease, immunosuppressed patients have increased risk of refractory disease requiring prolonged treatment courses. Improvement in the host immune response through de-escalation of immunosuppression has provided improved outcomes. However, screening prior to initiation of immunosuppression and providing empiric therapy for those at risk may provide the biggest reduction in poor outcomes.
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